Maximal flavor violation from new right-handed gauge bosons by Shelton, Jessie & Zurek, Kathryn M.
MCTP/11-03
A Theory of Maximal Flavor Violation
Jessie Sheltona and Kathryn M. Zurekb
a Department of Physics, Yale University, New Haven, CT 06511
b Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor, MI 48109
(Dated: October 31, 2018)
Theories of flavor violation beyond the Standard Model typically suppose that the new contributions must be
small, for example suppressed by Yukawa couplings, as in Minimal Flavor Violation. We show that this need
not be true, presenting a case for flavor violation which maximally mixes the first and third generation flavors.
As an example, we realize this scenario via new right-handed gauge bosons, which couple predominantly to
the combinations (u, b)R and (t, d)R. We show that this new flavor violation could be responsible for several
anomalies, focusing in particular on the Bd, Bs systems, and the Tevatron top forward-backward asymmetry.
PACS numbers:
A battery of tests from LEP, the Tevatron and B factories
have proven the Standard Model (SM) to be a robust model for
gauge interactions and flavor physics. Because of the success
of the SM, the conventional wisdom is that new physics Be-
yond the SM should approximately respect flavor, with new
flavor violation suppressed by the Yukawa couplings, as in
Minimal Flavor Violation. Our understanding is based on
measurements of the CKM unitarity triangle, which so far
seem to hold up quite well.
At the same time, there are a number of observations
that suggest the possibility of new flavor violating physics.
The CDF experiment has observed a large forward-backward
asymmetry in tt¯ production: Att¯ = 0.475± 0.114 for Mtt¯ >
450 GeV, which is 3.4σ discrepant from the leading order
QCD prediction for the asymmetry,Att¯SM = 0.088±0.013 [1].
D0 also observes an anomalously large asymmetry, but with
lower statistical significance [2]. A class of models which
generates the asymmetry makes use of flavor violation in the
t-channel, taking u → t or d → t through t-channel Z ′ [3],
W ′ [4, 5] or di-quarks [6].
In addition, several B physics measurements show discrep-
ancies with the SM that hint at new flavor violation [7, 8].
The D0 collaboration measured the like-sign dimuon charge
asymmetry in semileptonic b decays to be abSL = −(9.57 ±
2.51 ± 1.46) × 10−3, 3.2σ away from the SM prediction,
abSL = −2.3+0.5−0.6 × 10−4 [9]. CDF’s measurement of this
quantity is consistent with the SM, but with much larger er-
rors: absl = 8.0± 9.0± 6.8)× 10−3 [10]. Combining the two
results in quadrature gives absl = −(8.5 ± 2.8) × 10−3, still
a 3σ deviation from the SM. To further strengthen the case
for new flavor physics, the measurements of ∆Γs and Sψφ
made by both D0 [11] and CDF [12] reported some deviation
in Bs − B¯s mixing from the SM; the magnitude and sign of
the deviation are consistent with the deviation in abSL observed
by D0 [13]. Note that the Tevatron abSL measurement does not
distinguish between Bs and Bd mesons, so that in principle,
both Bs − B¯s and Bd − B¯d mixing could contribute. Other
(less significant) indications for new CP violation in Bd mix-
ing and decays include the measurement of sin 2β in the tree-
level decay Bd → ψKs [8, 14] and in the penguin-dominated
b→ sq¯q transitions of Bd → (φ, η′, pi, ρ, ω)Ks [16].
The purpose of this paper is to write a theory with maxi-
mal flavor violation (MaxFV) which may be responsible for
generating some or all of these anomalies. The specific phe-
nomenological model we have in mind is a new SU(2)R
gauge boson that couples to flavor in the combinations (u, b)R
and (t, d)R. As has already been demonstrated, the (t, d)R
coupling alone can generate the Tevatron forward-backward
asymmetry for an appropriate choice of the couplings and
gauge boson masses, as can a flavor-violating Z ′ coupling uR
to tR [3–6].
Here we extend the maximal flavor violation to the B sys-
tem and consider the consequences. Rather than showing
that these anomalies could be generated through small fla-
vor violation between the second and third generations, we
consider maximal flavor violation between the first and third
generations. We will see that the maximal flavor violation in
the B system naturally generates an O(20%) contribution to
Bd − B¯d mixing. The presence of the relatively light right-
handed W ′, Z ′s with large couplings to (u, b)R and (t, d)R
(required for producing the Tevatron forward-backward asym-
metry) generates a shift in the Z couplings to right-handed b-
quarks small enough to be consistent with the LEP measure-
ments of Rb [15]. Lastly, since we have chosen the right-
handed gauge bosons to couple to only the first and third
generations, our model gives rise to the possibility of flavor-
changing-neutral-currents. We discuss the size of the b → s
mixings necessary to generate the anomalies in Bs − B¯s
mixing and the penguin dominated b → sq¯q transitions of
Bd → (φ, η′, pi, ρ, ω)Ks [16]. Large flavor violation in scalar
models [17] and family-nonuniversal Z ′s [16, 18] with small
flavor violation have been considered.
While the concept of large flavor violation has been con-
sidered in various contexts before, our goal here is to develop
a framework for understanding multiple experimental anoma-
lies that at first sight appear to have very different sources.
Since in our model the flavor violation is part of a gauge struc-
ture, this enforces non-trivial relations between large flavor
violation in the top sector and the sensitive flavor observables
in the B meson systems. We show that despite strong experi-
mental constraints, the apparently disparate flavor violation in
these systems can have the same source.
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2We begin by fixing the gauge couplings and gauge boson
masses through the Tevatron top forward-backward asymme-
try. Di-jet constraints on a Z ′ gauge boson require its mass
mZ′ >∼ 900 GeV [19]. On the other hand, if the gauge bo-
son couplings are to remain perturbative but large enough to
generate the top forward-backward asymmetry, we require
mW ′ . 600 GeV [20]. Such a splitting could be gener-
ated in principle by adding an additional U(1) (via the same
mechanism which splits the W ′ and Z ′ in the SM). How-
ever, since the SU(2)R coupling must be rather large already
(g˜ ' 1.5 − 2) to generate the forward-backward asymmetry,
it is hard to imagine that such an additional coupling from a
U(1)′ could generate a sufficiently large splitting. Instead we
suppose that a Higgs from a higher representation is responsi-
ble for the right-handed ρ parameter deviating from one. The
ratio of the W ′ and Z ′ masses is m
2
W ′
m2
Z′
=
1
2 (T (T+1)−T 23 )
T 23
,
where T denotes the isospin of the representation, and T3
denotes the isospin component of the Higgs which obtains
a vev. For a triplet Higgs whose T3 = −1 component ob-
tains a vev, m2W ′/m
2
Z′ = 1/2, which can satisfy the Teva-
tron dijet constraints for sufficiently heavy W ′. With mW ′ ≈
400 − 600 GeV and g˜ ≈ 1.5 − 2, the top Att¯ can be brought
into accordance with experiment while mZ′ ∼ TeV. These
new gauge bosons give contributions to both single top and
top pair production, and will be visible in early LHC data.
Having fixed the masses and couplings for the top forward-
backward asymmetry, we consider the effects of coupling
(u, b)R to W ′. This gives rise to potentially large contri-
butions to Bd − B¯d mixing, through the diagram shown in
Fig. (1). Naı¨vely these contributions would be disastrously
large, because there is no CKM suppression at the vertices.
There is however a chiral suppression of the light quark mass
mu which makes this contribution phenomenologically feasi-
ble:
MLR = −g2g˜2 mtmu
32pi2m4W ′
OLR(
log β
(1− β)(x′t − β)
+
log x′t
(1− x′t)(β − x′t)
)
, (1)
where x′t = m
2
t/m
2
W ′ , β = m
2
W /m
2
W ′ , and OLR =[
u¯αd
1
2γν(1− γ5)uαb
] × [v¯βd 12γν(1 + γ5)vβb ] . Here we have
used the computation of [21]. This is to be compared against
the Standard Model results:
MLL ' g4V 2tdηtH(xt)
m2t
32pi2m4W
OLL, (2)
where H(xt) = 14 +
9
4
1
1−xt − 32 1(1−xt)2 − 32
x2t
(1−xt)3 log xt '
0.55 and ηt ≈ 0.58 accounts for QCD corrections. The matrix
elements are read off in the standard way:
〈B¯d|OLL|Bd〉 = B(1)d
1
3
f2BdmBd
〈B¯d|OLR|Bd〉 = B(4)d
m3Bd
4(mb +md)2
f2Bd . (3)
d¯
b
b¯
du
WLWR
t¯
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FIG. 1: Maximal flavor violating contribution to Bd mixing. Note
that there is no CKM suppression at any of the vertices, but the di-
agram remains small enough due to the chiral suppression of the up
quark mass.
withB(1)d = 0.8 andB
(4)
d = 1.16. The ratio of the amplitudes
is
MLR
MLL ' −0.2
(
g˜
2
)2(
450 GeV
mW ′
)4
G(xt)
G(x0t )
, (4)
where we have used mu = 2.5 MeV, Vtd = 8 × 10−3, and
G(xt) = (log β/(1− β)− log x′t/(1− x′t))/(x′t − β), where
G(x0t ) is evaluated atmW ′ = 450 GeV. Such an amplitude of
Bd− B¯d mixing is consistent with the size of the new physics
contributions in a global fit [14] to the Bs and Bd anomalies
described in the introduction, in concert with the new contri-
butions to Bs − B¯s mixing described below.
A new CP-violating phase φ0d could also contribute to the
discrepancy in the measurement of sin 2β inBd → ψKS with
respect to the value obtained from CKM triangle fits. Using
a definition SψK = sin
[
2β + arg(1 + hde2iφd)
]
, an angle
φd between pi/2 and 3pi/4 could contribute to −ηCPSψK =
0.655 ± 0.0244 to explain the discrepancy between it and
the best-fit CKM triangle value obtained in [8]: sin(2β)fit =
0.891± 0.052.
By itself, Bd mixing is not sufficient to generate the Teva-
tron di-muon asymmetry. However, the non-universality of
the W ′ and Z ′ couplings provides a mechanism for gener-
ating flavor changing neutral currents. In particular, a slight
misalignment of mass and flavor bases for the bR and sR
quarks will give rise to b–s flavor-changing neutral currents
which provide a new contribution to Bs mixing. Com-
patibility with the Tevatron data then determine the magni-
tude and phase of the b–s mixing angle, Ssb. The flavor-
changing operator induced by the mass-flavor misalignment is
S2sbg˜
2
m2
Z′
b¯Rγ
µsRb¯RγµsR. The effects of flavor-changing b → s
transitions have already been analyzed in the literature, and
we make use of the result here [22]. In order to generate an
asymmetry of comparable size to that at the Tevatron we re-
quire
Λ ≡ m
′
Z
|Ssb|g˜ ∼ 0.4− 1.2 TeV
(
10−2.5
g˜|Ssb|
)
, (5)
giving an approximate size to the flavor violation. One might
worry that these flavor changing processes could contribute to
Bs → µ+µ− processes since Z ′ couples to hypercharge and
3hence picks up a coupling to µ+µ− of size g21/g˜, where g1
is the hypercharge coupling. The branching fraction for this
process is
B(Bs → µ+µ−) =
|Sbs|2g2bg2µ(y2µL + y2µR)
m4Z′
τBsMBsm
2
µf
2
Bs
64pi
≈ 10−12
( |Ssb|
10−2.5
)2(
1 TeV
mZ′
)4
(6)
where gµ = g21/g˜ and gb = − 12 g˜. This is well below the
current limit of 4.3× 10−8 [23].
We also note that such flavor violating decays may give
contributions to the penguin dominated decays of b → sq¯q
in the processes Bd → (φ, η′, pi, ρ, ω, f0)Ks. The new con-
tributions may further serve to suppress SfCP relative to the
tree-level decay in SψK , as explored in [24]. Here we sim-
ply wish to note that the Z ′-mediated interaction is of the
right magnitude to contribute to SfCP for the interactions
Bd → (φ, η′, pi, ρ, ω, f0)Ks. In particular the combination
∆CNP = (C
bs
uu − Cbsdd)/VtbVts must be O(1) (or slightly
smaller) in order to give rise to the correct shifts in SfCP
[24]. Here Cbsqq = SsbT3R,q(g˜ mZ/gmZ′)
2. We find with
Ssb = 10
−2.5, mZ′ = 900 GeV, g˜ = 2, that the b→ s transi-
tions may contribute to the penguin dominated Bd processes.
Measurements of SfCP in these modes at future B factories
could therefore provide a detailed test of this model.
Next we calculate the size of the shift of the right-handed
coupling of the Z to the b quarks, which affects the Z pole
observables. The symmetry-breaking pattern is SU(2)L ×
SU(2)R × U(1)′ → U(1)Y × SU(2)L. The mass matrix,
in the (W 3L, B,W
3
R) basis is
M = 1
4
 g2v2 gg′v2 0gg′v2 g′2(v2 + 4Y 2vˆ2) 4Y T3Rg′g˜vˆ2
0 4Y T3Rg
′g˜vˆ2 4T 23Rg˜
2vˆ2
 , (7)
where vˆ is the right-handed Higgs vev, g′ is the U(1)′ cou-
pling, and we will henceforth take the right-handed Higgs hy-
percharge Y equal to its isospin T3R for simplicity. By diag-
onalizing the mass matrix, in the (W 3L, B,W
3
R) basis, the Z
mass eigenstate has components
Z =

g
gZ
−g′g˜2
(g˜2+g′2)gZ
(1 + 2Z
g′2g2Z
g2(g˜2+g′2) )
−g′2g˜
(g˜2+g′2)gZ
(1 + 2Z
g˜2g2Z
g2(g˜2+g′2) )
 , (8)
where g is the SU(2)L coupling, and we have expanded the
expression to second order in Z = mZ/mZ′ and gZ =√
(g˜2+g′2)g2+g′2g˜2
(g˜2+g′2) , so that we can make the identification of
the U(1)Y coupling as g21 =
g′2g˜2
(g˜2+g′2) . Thus we can read off
the couplings of left- and right-handed fields to the Z boson:
gL = gZ(T
L
3 − s2WQ) + 2Z(Q− TL3 )gZ
g41
g˜2g2
(9)
and
gR = −Q g
2
1
gZ
− 2Z(
g41
g˜2g2
(TR3 −Q) +
g41
g′2g2
TR3 )gZ . (10)
As a representative choice, we take g˜ = 2, mZ′ = 900 GeV,
in which case we find δgRb ' 0.001 and δgLb ' 10−5. These
shifts are too small to give substantial impact to the measure-
ment of Rb and AbFB at LEP [15]. Contributions to the ρ
parameter are present at tree level,
δρ
ρ
= −δm
2
Z
m2Z
=
(m2Z −m2W ) tan2 θR
m2Z′ − (m2Z −m2W ) tan2 θR
, (11)
where sin θR = g′/
√
g′2 + g˜2 is the right-handed analogue of
the Weinberg angle. For gR = 2, mZ′ = 900 GeV, this con-
tribution is less than one part in 104, safely within experimen-
tal bounds. Contributions to S are negligible, as the absence
of any new fields transforming under SU(2)L means that the
leading contributions to W 3L − B mixing are precisely those
in the SM.
Lastly, we discuss specifics of the mass and flavor model
to ensure that something reasonable can be written down. In
the SU(2)L flavor basis for left-handed quarks q′L and the
SU(2)R flavor basis for right-handed quarks q′R, the gauge
boson interactions take the form
L = q′Lτaγµq′LW aµ + q′RF ′τaγµq′RW ′aµ, (12)
where F ′, a coupling matrix, is being left explicitly in the
expression to account for the non-universal coupling of the
quarks to the right-handed fields. Now rotating to the mass
basis, we have
L = d¯LVCKMγµuLW−µ + d¯LγµdLZµ + u¯LγµuLZµ
+d¯RV˜CKMγ
µuRW
′−
µ + d¯RFdγ
µdRZµ
+u¯RFuγ
µuRZµ, (13)
where the relation between q′L,R and the mass basis quarks
qL,R is
dL = Sdd
′
L, uR = Suu
′
L
dR = S
′
dd
′
R, uR = S
′
uu
′
R (14)
with
VCKM = S
†
dSu, V˜CKM = S
′†
dF
′S′u
Fu = S
′†
uF
′S′u, Fd = S′
†
dF
′S′d. (15)
Complex phases in the right-handed flavor mixing matrices
are physical, as setting the form of the left-handed CKM
matrix uses the entire rephasing freedom in the SM. With
the nonuniversal couplings of SU(2)R, F ′ = Diag(1, 0, 1),
and FCNC’s are generated at tree level. We now briefly ex-
amine a consistent choice of S′u and S
′
d that generate the
b → s FCNC while simultaneously maintaining the form of
the right-handed CKM matrix which pair (u, b)R and (t, d)R
4in their couplings to the right-handed fields. Consider for ex-
ample the pair of matrices:
S′u =
 0 0 −10 1 0
1 0 0
 , S′d ≈
 1 0 00 1 −
0  1
 , (16)
where  generates the flavor violating b → s processes. This
gives rise to a right-handed CKM matrix
V˜CKM ≈
 0 0 −1 0 0
1 0 0
 , (17)
implying a small contribution in u → s. This contributes
to Kaon mixing through a left-right diagram of the type in
Fig. (1), but with d¯s on external lines. This diagram scales as
g2g˜2mtmuVts/(m
2
W ′m
2
W ) which is to be compared against
the SM contribution which scales as g4V 2csV
2
cdm
2
c/m
4
W . The
new contribution is suppressed relative to the SM by approxi-
mately 1 part in 104, well below the experimental uncertainty
in the Kaon mass difference. Meanwhile, the FCNC induced
in down-type quarks is of the desired form
Fd ≈
 1 0 00 0 
0  1
 . (18)
With couplings only to right-handed quark doublets, the
SU(2)R is anomalous, which could be remedied by adding
new heavy fermions. Since there are many possibilities for
anomaly cancellation that give rise to the same phenomenol-
ogy that we study here, we do not consider it further. Mass
generation is a more complicated issue. The first and third
generation right-handed fields have a Higgs term
Y dij
M
q¯′iRφ
†
RHLq
′j
L +
Y uij
M
q¯′iRφ˜
†
RH˜Lq
′j
L, (19)
where i = 1, 3 and j = 1, 2, 3, whereas the second generation
right-handed fields take on the more conventional form
Y jd q¯
′2
RHLq
′j
L + Y
j
u q¯
′2
RH˜Lq
′j
L. (20)
Here we have introduced a new SU(2)R doublet φR which
gives a secondary contribution to SU(2)R symmetry break-
ing, and H˜aL = abH
∗
L, φ˜
a
R = abφ
∗
R are the conjugate repre-
sentations. This method for mass generation does not address
the common difficulty of generating the large top Yukawa cou-
pling. Note that we do not make use of a left-right Higgs
for the couplings in Eq. (19), as this gives rise to mixing be-
tween the left and right-handed gauge bosons, inducing dan-
gerous contributions to, e.g., B → τν. The higher dimension
Higgs couplings of Eq. (19) can be generated by integrating
out SU(2)L,R-singlet fermions T i, Bi which carry the ap-
propriate hypercharge. These quarks have vector-like masses,
mij T¯
iT j , and upon integrating them out the SM Yukawa cou-
plings are generated with Y ij/M = yikRm
−1
kl y
lj
L . The flavor
structure of the SM is then generated from an enlarged flavor
structure including vector-like quarks, together with hierar-
chies from seesaw-like mechanisms operating in the massive
quark sector. The different flavor structures of left- and right-
handed quarks in our model then naturally generate different
mixing structures in their respective CKM matrices. The gen-
eration of the SM Yukawa couplings from a larger flavor struc-
ture at relatively light mass scales M yields a new approach
to generating flavor hierarchies in the quark sector, a full ex-
ploration of which we leave for future work.
To conclude, we considered a model of maximal flavor vi-
olation connecting the first and third generation quarks. We
showed that the flavor physics which generates the Tevatron
top forward-backward asymmetry may be closely connected
to apparently much smaller flavor violation in the Bd and
Bs systems. In particular, maximal flavor violation connect-
ing only the first and third generations naturally gives rise to
SM size contributions to Bd mixing on account of the chiral
mu suppression of the new left-right CKM diagrams, despite
the absence of CKM suppression in the vertices. Bs mixing
arises through small flavor-changing-neutral-currents arising
from b− s mass mixing in the presence of a non-universal Z ′.
Our model predicts new physics inBd mixing, and for the ref-
erence parameter values chosen here, predicts a contribution
to the semileptonic asymmetry Adsl <∼ −0.002, which may be
verified in asymmetric B factories.
While the concordance of all these anomalies within the
context of a relatively simple model is intriguing, a more gen-
eral lesson to draw from this model is that flavor violation
in new physics explaining B meson observables need not be
small. It is also easy to connect this large flavor violation to
large flavor violation in the top system. Where the mixing in-
volves the first and third generation, maximal flavor violation
operns new possibilities for model building.
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Note Added: This model makes several distinctive predic-
tions for the early LHC. TheW ′ will be visible as a resonance
in top-light jet as little as 1fb−1 [25], while new contributions
to single top production through ud → tb could lead to dis-
tinctive signals even within <∼ 1fb−1 [26].
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